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Ab initio alulations in b iron show that a 〈111〉 srew disloation indues a short range
dilatation eld in addition to the Volterra elasti eld. This ore eld is modeled in anisotropi elasti
theory using fore dipoles. The elasti modeling thus better reprodues the atom displaements
observed in ab initio alulations. Inluding this ore eld in the omputation of the elasti energy
allows deriving a ore energy whih onverges faster with the ell size, thus leading to a result whih
does not depend on the geometry of the disloation array used for the simulation.
PACS numbers: 61.72.Lk, 61.72.Bb
Plasti deformation in rystals is heavily related to the
disloation ore properties [1℄. As experimental investi-
gation of the disloation ore is diult, atomi simula-
tions have beome a ommon tool in disloation theory.
But disloations indue a long-range elasti eld and one
has to take full aount of it in the atomi modeling. This
is even more ruial for ab initio alulations beause of
the small size of the unit ell that an be simulated. In
this Letter, we illustrate this point for the srew disloa-
tion in b Fe by showing that the ommonly-used elasti
desription, i.e. the Volterra solution [1℄, has to be en-
rihed in order to get quantitative information from ab
initio alulations.
Two dierent methods based on ab initio alulations
have been developed to model disloations. In the rst
approah, a single disloation is introdued in a unit ell
whih is periodi only along the disloation line and with
surfaes in the other diretions. Surfae atoms are dis-
plaed aording to the disloation long-range elasti eld
and an be either kept xed or relaxed using lattie Green
funtions [2℄. The main drawbak of this method is that,
in ab initio alulations, one annot separate the energy
ontribution of the disloation from the surfae one. To
alulate disloation energy properties, one has to use the
seond approah whih is based on full periodi boundary
onditions [3, 4, 5, 6℄. As this is possible only if the total
Burgers vetor of the unit ell is zero, a disloation dipole
is simulated. Using elastiity theory, one an alulate
the interation between the two disloations forming the
dipole as well as with their periodi images [6℄, and thus
isolate disloation intrinsi properties.
We use this dipole approah to study the ore proper-
ties of 〈111〉 srew disloations in b iron with ab initio
alulations based on density funtional theory using the
SIESTA ode as desribed in Ref. 7. The disloations are
positioned at the enter of gravity of three neighboring
atomi olumns. Depending on the sign of the Burg-
ers vetor ompared to the heliity of the original site,
there are two dierent ongurations, termed easy and
hard. The hard ore onguration shifts loally the
FIG. 1: Srew disloation periodi arrangements used for ab
initio alulations: (a) T and (b) AT triangular arrangements;
() quadrupolar arrangement.
~b = 1
2
[111] for easy and
1
2
[1¯1¯1¯] for hard ores. ~A is the dipole ut vetor.
atoms suh that they lie in the same {111} plane. From
steri onsiderations, one thus expets this onguration
to be less stable. The energy landsape experiened by
the gliding disloation is ditated by the energy dierene
between these two ongurations whih is a maximum for
the Peierls barrier. It is therefore important to get a pre-
ise knowledge of the orresponding ore energies.
We introdue the dipole in periodi unit ells orre-
sponding to dierent disloation arrays [7℄. The triangu-
lar arrangements of Figs. 1a and 1b preserve the 3-fold
symmetry of the b lattie in the [111] diretion. One
an obtain two variants whih are related by a π/3 rota-
tion. We refer to them as the twinning (T) (Fig. 1a) and
the anti-twinning (AT) triangular arrangement (Fig. 1b)
[8℄. The last disloation arrangement (Fig. 1) is equiv-
alent to a retangular array of quadrupoles.
Simulation unit ells are built so that the two disloa-
tions omposing the dipole are in the same onguration,
either easy or hard depending on the sign of the Burg-
ers vetor. Assuming that the elasti displaement eld
reated by eah disloation orresponds to the Volterra
one [1℄, the elasti energy stored in the simulation box
is proportional to the square of the Burgers vetor and
therefore is the same for the easy and hard ong-
urations. The ore energy dierene between the two
possible ongurations is thus simply given by half the
energy dierene obtained from ab initio alulations for
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FIG. 2: Core energy dierene between the easy and hard
ore ongurations. Solid symbols orrespond to ore energies
obtained when only the Volterra eld is onsidered and open
symbols to ore energies when both the Volterra and the ore
elds are taken into aount (rc = 3 Å).
the same unit ell. This energy dierene is shown as
solid symbols in Fig. 2. The result depends on the ho-
sen disloation arrangement. Aording to the T trian-
gular arrangement, the hard ore onguration is more
stable than the easy one, whereas the quadrupolar and
the AT triangular arrangements lead to the opposite on-
lusion. For a given arrangement, the onvergene with
the number N of atoms is proportional to N−1/2. The
omputational ost to diretly dedue onverged values
from ab initio alulations is therefore out of reah.
To understand how our simulation approah has to be
enrihed to lead to unambiguous disloation ore ener-
gies, we examine the atom displaements reated by the
disloation array in ab initio alulations. For all unit
ells, atom displaements in the [111] diretion, i.e. the
srew omponent, orrespond to disloations having a
symmetrial and ompat ore struture, in agreement
with reent ab initio alulations in b Fe [4, 7, 9℄.
The srew disloation dipoles also reate displaements
in the (111) plane, i.e. perpendiular to the srew axis
(Fig. 3a). Part of this edge omponent arises from elasti
anisotropy. Nevertheless, when subtrating the displae-
ments predited by anisotropi elastiity for the periodi
disloation array [6℄ from the ones given by ab initio al-
ulations, one obtains a residual displaement (Fig. 3b)
whih looks like a ombination of 2-dimension expansions
entered at the disloations.
This is not inluded in the Volterra solution desribing
the disloation elasti eld. Nevertheless, going bak to
the seminal paper of Eshelby et al. [10℄, it appears that a
disloation an also lead to suh a supplementary elasti
eld. Indeed, Eshelby et al. showed that a straight dis-
loation in an innite elasti medium reates in a point
dened by its ylindrial oordinates r and θ a displae-
ment given by a Laurent series whih leading terms are
~u(r, θ) = ~v ln(r) + ~u0(θ) + ~u1(θ)
1
r
+O
(
1
r2
)
. (1)
Usually, only the two rst terms of this series are on-
sidered leading to the well-known Volterra solution [11℄.
This gives the long-range displaement indued by the
disontinuity along the disloation ut.
Close to the disloation ore, the third term in Eq. 1
may be relevant too [12, 13℄. This orresponds to what
is usually alled the disloation ore eld. Suh a eld
arises from non-linearities in the rystal elasti behavior
and from perturbations due to the atomi nature of the
ore. It an be modeled within anisotropi linear elas-
tiity theory using line-fore dipoles representative of an
elliptial line soure expansion loated lose to the dislo-
ation ore [14℄. The ore eld is then haraterized by
the rst moments Mij of this line-fore distribution. We
propose in the following an original approah that allows
to diretly dedue the momentsMij from quantities that
an be measured in atomi simulations.
In that purpose, we onsider the elasti energy of a
periodi unit ell ontaining a disloation dipole dened
by its Burgers vetor
~b and its ut vetor ~A. Eah dis-
loation also reates a ore eld orresponding to the
moments given by the seond-rank tensor M . An homo-
geneous strain an be superposed to the heterogeneous
strain reated by the disloation dipole. This ontributes
to the elasti energy by an amount [15℄
Eε = h
(
1
2
SCijklεijεkl + CijklbiAjεkl − 2Mijεij
)
, (2)
where S is the area of the simulation unit ell perpendi-
ular to the disloation lines, h the orresponding height
and Cijkl the elasti onstants. The homogeneous stress
is dened as
σij =
1
hS
∂Eε
∂εij
= Cijkl(εkl − ε
0
kl), (3)
with the stress-free strain
ε0ij = −
biAj + bjAi
2S
+ 2Sijkl
Mkl
S
, (4)
where the elasti omplianes Sijkl are the inverse of the
elasti onstants.
When the disloations do not reate any ore eld
(M = 0), one reovers the fat that the elasti energy is
minimal for an homogeneous strain equal to the plasti
strain produed when the disloation dipole is introdued
in the simulation unit ell [6℄. The ore elds indue a
seond ontribution whih is proportional to the disloa-
tion density, thus allowing to dene a disloation forma-
tion volume. Our ab initio alulations lead for a srew
disloation in b iron to a dilatation perpendiular to
the disloation line, δV⊥ = (ε
0
11+ε
0
22)S/2 = 3.8±0.3 Å
2
,
3(a)
[1-1-2]
[11-0]
[111]
(b) (c)
z = 0
z = b/3
z = 2b/3
Dislocations
FIG. 3: Planar displaement map of a periodi unit ell ontaining a srew disloation dipole obtained from ab initio alulations:
(a) total displaement, (b) after subtration of the Volterra elasti eld, and () after subtration of the Volterra and the ore
elasti elds. Vetors orrespond to (111) in-plane displaements and have been magnied by a fator 50. Displaements
smaller than 0.01 Å are omitted. For larity, displaements of the six atoms belonging to the ores of the two disloations are
not shown in (). Atomi positions are drawn as irles with a olor depending of their original (111) plane.
and to a ontration along the disloation line, δV// =
ε033S/2 = −1.3 ± 0.2 Å
2
, where the formation volumes
are dened per unit of disloation line.
Instead of letting the unit ell relax its size and shape,
one an also keep xed the periodiity vetors and mini-
mize the energy only with respet to the atomi positions.
The simulation box is thus subjet to an homogeneous
stress from whih the moments responsible for the dislo-
ation ore eld an be dedued using Eqs. 3 and 4. The
omponent σ33 of the measured homogeneous stress is
negligible ompared to σ11 and σ22, in agreement with
the following argument.
For a [111] srew disloation in a ubi rystal, be-
ause of the 3-fold symmetry, the tensor M is diagonal
with M11 = M22 and M33 = 0 if the unit vetor ~e3 or-
responds to the [111] diretion. The ore eld is thus
a pure dilatation in the (111) plane. This is true when
the disloation is in a stress-free state or if the stress ex-
periened by the disloation also obeys this 3-fold sym-
metry. The ab initio alulations indeed lead to suh
a tensor M for the two triangular arrangements. The
quadrupolar arrangement indues a stress whih does not
obey this symmetry. Beause of the moment polariz-
ability [16℄, we obtain dierent values for M11 and M22
in this ase. Nevertheless, all disloation arrangements
used in ab initio alulations onverge with the ell size
to M11 = M22 = 650 ± 50 GPa.Å
2
for both easy and
hard ore ongurations. As for the ontration ob-
served along the disloation line, it arises from the elasti
ompliane S1133 whih ouples the strain omponent ε33
with the fore moments M11 and M22.
Knowing the moments, we model the disloation elas-
ti displaement as the superposition of the Volterra and
the ore elds. We an thus ompare the displaement
given by ab initio alulations with the one predited
by elastiity theory for the disloation periodi array [6℄.
Looking at the dierene between the elds given by the
two modeling tehniques for the in-plane (111) ompo-
nent (Fig. 3), one sees that elastiity theory perfetly
manages to reprodue the displaement given by ab ini-
tio alulations, exept for atoms whih are too lose to
the disloation ores. It is lear that the superposition
of the ore eld to the Volterra solution greatly improves
the desription of the disloation elasti eld.
The exess energy E, i.e. the energy dierene per unit
of height between the unit ell with and without the dis-
loation dipole, is the sum of the two disloation ore
energies Ecore and of the elasti energy.
E = 2Ecore+E0−biK
0
ijbj ln (rc)+MijK
2
ijklMkl
1
rc2
(5)
whereK0 and K2 are denite positive tensors whih only
depend on the elasti onstants. E0 ontains the elasti
interation between the two disloations omposing the
primary dipole, as well as the interation with their pe-
riodi images. The ore elds modify this interation
energy as the disloations now interat not only through
their Volterra elasti elds but also through their ore
elds and the ombination of these two elasti elds.
The last term in Eq. 5 orresponds to the inrease of
the disloation self elasti energy due to their ore elds.
The uto distane rc is introdued beause elasti elds
are diverging due to elastiity inability to desribe atom
displaements in the disloation ore. The ore energy
that an be dedued from atomi simulations therefore
depends on the value of rc.
We use Eq. 5 to extrat disloation ore energy from
atomi simulations: E andM are dedued from ab initio
alulations, whereasE0,K0, andK2 are alulated with
anisotropi elastiity theory. A ore radius slightly larger
than the Burgers vetor (rc = 3 Å) leads to reasonable
ore energies and a good onvergene with the size of the
4FIG. 4: Sketh of the (111) in-plane displaement reated by
the triangular arrangement of disloations in their easy ore
onguration. For the T variant (a), the displaements due
to the Volterra and the ore elds have the same sign and
sum up in the region between two neighboring disloations,
whereas they partially anel for the AT variant (b).
simulation unit ell. The ore energy dierene between
the easy and the hard ore ongurations of the srew
disloation in b iron onverges now rapidly to a value
whih does not depend on the geometry of the disloation
arrangement (Fig. 2). For all simulations, the easy ore
onguration is more stable than the hard one, with
a ore energy onverging respetively to Ecoreeasy = 219 ±
1 meV.Å−1 and Ecorehard = 227± 1 meV.Å
−1
.
We an now understand why the simple approah,
where only the Volterra elasti eld is onsidered, leads to
ore energies whih strongly depend on the geometry of
the disloation array. Looking at the (111) in-plane dis-
plaement reated by eah omponent of the disloation
elasti eld, the Volterra part osillates as a funtion of
θ between a ompression and a tension type, whereas the
ore-eld only leads to a ompression. This is illustrated
in Fig. 4 for the two variants of the triangular arrange-
ment with the disloations in their easy ore ongu-
ration. It is lear on this gure, that the eets of the
Volterra and the ore elds will sum up in the regions
between two neighboring disloations for the T variant
(Fig. 4a), whereas they will partially ompensate for the
AT variant (Fig. 4b). One thus expets a stronger elasti
interation between disloations for the T variant than
for the AT one. This is the opposite for the hard ore
onguration, as hanging the sign of the Burgers vetor
reverses the Volterra elasti eld without modifying the
ore eld. When negleting the disloation ore eld, one
thus overestimates the elasti energy dierene between
the easy and hard ore ongurations for the T vari-
ant and underestimates it for the AT one. On the other
hand, the oupling of the Volterra and the ore elasti
eld leads to a negligible interation between neighboring
disloations for the quadrupolar arrangement beause of
its entro-symmetry. This arrangement atually appears
as the best-suited one to extrat quantitative information
from atomi simulations [6℄.
This dilatation due to the disloation ore eld is not
spei to iron. When analyzing previous ab initio al-
ulations [3, 4℄ we an onlude that srew disloations
exhibit a similar ore eld in other b metals like Mo
and Ta. On the other hand, empirial potentials may
fail to predit suh a ore dilatation. This is the ase
for Mendelev potential [17℄ whih is often used to study
disloations in iron [9, 18, 19℄.
In addition to determining the formation volume of
the srew disloation in iron and modeling it within
anisotropi linear elastiity theory, our study shows that
onsidering this ore eld is ruial when deriving from
atomi simulations disloation parameters like their ore
energy. This supplementary elasti eld should also in-
uene any energy dierenes, like the Peierls barriers,
and stresses extrated from atomi simulations. More-
over, beause of the formation volume assoiated with
this ore eld, a disloation an interat with an hydro-
stati stress. Close to the ore, it will modify the dislo-
ation interation with point defets [19℄.
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